The role of Sir2 in silencing is unknown, but recent residue in Sir2 abolishes both its enzymatic activity in evidence suggests that the conserved core domain in vitro and its silencing functions in vivo. However, the Sir2-like proteins harbors an enzymatic activity that may mutant protein is associated with chromatin and other involve the transfer of ADP-ribose from nicotinamide silencing factors in a manner similar to wild-type Sir2.
Sir2-like protein, has been shown to abolish its enzyobserved using GST or the GST-Sir2-H364Y mutant protein ( Figure 1C , lanes 1 and 3; Figure 1E , lane 2). Interestmatic activity (Frye, 1999) . We show that this point mutation abolishes the enzymatic activity of Sir2 in vitro.
ingly, in the presence of histones, the self-modification activity of Sir2, mentioned above, was significantly enSignificantly, the mutant Sir2 protein has no silencing function in vivo at any of the above loci, even when hanced ( Figure 1C , lane 2; Figure 1E , lane 1), but histones had no effect on the labeling of BSA by Sir2 (data not overexpressed from the strong GAL1 promoter. Moreover, immunoprecipitation experiments using whole-cell shown). Moreover, histones appeared to strongly induce an NAD ϩ breakdown activity in Sir2; in the presence of extracts and soluble chromatin show that the enzymatically inactive protein is present in silencing complexes both Sir2 and histones, the free P-NAD ϩ occurred through such a as a donor to label BSA. As a control for these experiments, we constructed a point mutation in the SIR2 gene pathway, we performed the reactions in the presence of NADase, which hydrolyzes NAD ϩ to nicotinamide and that converts a conserved histidine at position 364 in Sir2 to tyrosine (hereafter referred to as Sir2-H364Y). It ADP-ribose (Ueda and Hayaishi, 1985) . If the labeling of substrates in the reaction is chemical (for example, has previously been shown that mutation of the analogous histidine in a human Sir2-like protein abolishes its through the reaction of 32 P-ADP-ribose with lysine residues), then we would expect to observe an increase in enzymatic activity (Frye, 1999 Figure 1A, lanes 2-7) . No labeling of BSA was observed when GST-Sir2 was replaced with tion of NADase to the labeling reaction eliminated the free 32 P-NAD ϩ band, which runs near the bottom of the a GST-Sir2-H364Y mutant protein, indicating that the observed enzymatic activity required wild-type Sir2 (Figgel , indicating that the enzyme was active in breaking down NAD ϩ ( Figure 1C , lane 4). NADase also eliminated ure 1A, lane 10). Similarly, no labeling was observed when GST-Sir2 was replaced with GST or GST-Sir2-both the self-labeling and the histone-labeling activity of Sir2, indicating that the observed labeling did not Nterm (GST-Sir2N; Figure 1A, lanes 1, 8, and 11) . In addition to labeling of BSA, we observed a very weak result from a chemical reaction of substrate proteins with 32 P-ADP-ribose ( Figure 1C, lane 4) . The labeling of labeling of GST-Sir2 itself, which migrates above the both histones and Sir2 itself was also greatly diminished BSA band at approximately 90 kDa (see Figure 1, lane 13) .
in the presence of snake venom phosphodiesterase or Among the candidates for physiological substrates of excess unlabeled NAD ϩ , but not unlabeled ATP (data Sir2 are other proteins that are involved in silencing. not shown). These include Sir2 itself, the other Sir proteins, and histones. In addition to being involved in silencing, histones are known to be ADP-ribosylated in the cell (Golderer Recognition of a Modified Form of Sir2 and Grobner, 1991; Soman et al., 1991). We therefore by an Anti-ADP-Ribose Antibody tested whether Sir2 could label a mixture of histones We noticed that GST-Sir2 fusion proteins purified from using ). This antibody also strongly recognized wild-type GST-Sir2 purified from either E. coli or yeast activity of Sir2. We tested whether this adduct could be recognized by an anti-mono-ADP-ribose antibody ( Figure 2E , lanes 1 and 3, respectively), but did not recognize the mutant GST-Sir2-H364Y protein ( Figure 2E , generated by Meyer and Hilz (1986) . Figure 2B (lane 1) showed that an anti-ADP-ribose antiserum specifically lane 2). Together, these results indicated that GSTSir2-s was an ADP-ribosylated form of Sir2 and that Sir2 recognized the GST-Sir2-s band but not the faster migrating GST-Sir2 band or the GST-Sir2-H364Y protein could auto-mono-ADP-ribosylate itself in vivo. (Figure 2B, lanes 1 and 2) . We note that the blot contains about 50-to 100-fold more GST-Sir2 and GST-Sir2-The Enzymatic Activity of Sir2 Is Required for Silencing at the Silent Mating-Type H364Y than GST-Sir2-s (see Figure 2A , left), verifying the specificity of the antibody for the modified form Loci, Telomeres, and rDNA Repeats We next tested whether the observed enzymatic activity of Sir2. The anti-ADP-ribose antibody also recognized GST-Sir2 purified from yeast ( Figure 2D , lane 2). The of Sir2 was required for its silencing function. We constructed plasmids that contained either the wild-type GST-Sir2 doublets in preparations from yeast were difficult to resolve on Western blots of SDS polyacrylamide SIR2 or the H364Y mutant SIR2 gene. These plasmids were transformed into strains in which the endogenous gels ( Figure 2C , lane 2), but could be visualized by Coomassie staining of the blots after transfer to membrane SIR2 gene was deleted (sir2⌬). We first tested whether the mutant protein is expressed at a similar level as was absolutely required for the telomeric and rDNA silencing functions of Sir2. wild-type Sir2 in the cell. Western blots of yeast extracts prepared from strains containing either wild-type Sir2
Derepression of silent mating-type information at HML and HMR results in loss of haploid cell identity and or the Sir2-H364Y protein were probed with an antiSir2 antibody and showed that the Sir2-H364Y mutant inability of haploid yeast cells to mate and form diploids (Herskowitz, 1988). The mating assay based on selection protein was expressed to the same level as wild-type Sir2 ( Figure 3A ). To assess telomeric and rDNA silencing, for diploid cells provides an extremely sensitive assay for assessing silencing at the silent mating-type loci. the host strains also contained URA3 reporter genes inserted either near a telomere or within the rDNA reWe therefore used this assay to determine whether the enzymatic activity of Sir2 is also required for matingpeats (Gottschling et al., 1990; Smith and Boeke, 1997). In these experiments, silencing of the URA3 reporter type silencing. The high sensitivity of the mating assay was also expected to reveal whether the Sir2-H364Y gene results in loss of growth on medium lacking uracil, but allows the growth of the Ura Ϫ cells on medium that mutant protein had any residual silencing function. While the wild-type SIR2 plasmid fully complemented the matcontains the compound 5-FOA, which is toxic to Ura ϩ cells. While the plasmid containing the wild-type SIR2 ing defect of the sir2⌬ strain, the SIR2-H364Y plasmid showed no complementation activity ( Figure 3D ). Thus, gene fully complemented the deletion of SIR2 for both telomeric silencing ( Figure 3B ) and rDNA silencing (Fighistidine 364 is required for silencing at the silent matingtype loci. Together, the above experiments demonstrate ure 3C, compare Vector row with pSIR2-LEU2 row), the SIR2-H364Y plasmid showed no detectable complethat the Sir2-H364Y protein has no silencing function. We hypothesized that the enzymatically inactive Sir2 promentation activity and behaved like the vector backbone ( Figures 3B and 3C , compare Vector row with pH364Y-tein may become incorporated into silencing complexes.
In such a case, the mutant protein would interfere with LEU2 row). These results indicated that histidine 364 above, both wild-type and Sir2-H364Y proteins immuno-1997) to determine whether silencing complexes containing the enzymatically inactive Sir2-H364Y protein precipitated Sir4 and Net1 with similar efficiencies (Figures 5A-5C) . No Sir4 or Net1 was present when antican associate with their usual target domains. We precipitated formaldehyde cross-linked soluble chromatin Sir2 immunoprecipitation was carried out using an extract from a sir2⌬ strain (Figures 5A-5C ). These results from sir2⌬ strains expressing plasmid encoded wildtype Sir2 or mutant Sir2-H364Y proteins. SIR2 ϩ and indicated that the mutant protein was incorporated into silencing complexes with a similar efficiency as wildsir2⌬ strains were used as controls. As previously reported (Gotta et al., 1997; Strahl-Bolsinger et al., 1997), type Sir2.
We next used the chromatin cross-linking and immuimmunoprecipitation with an anti-Sir2 antibody followed by PCR analysis showed that Sir2 was associated with noprecipitation assay (ChIP) (Strahl-Bolsinger et al., (Figures 5D and 5E , and data not shown).
could be recognized by an antibody that has much higher affinity for mono-ADP-ribose than for poly(ADP)-The Sir2-H364Y protein was also associated with DNA fragments corresponding to silent chromatin domains ribose chains (Meyer and Hilz, 1986 ). Second, modification of proteins by Sir2 causes only a slight shift in their but with a lower efficiency than wild-type Sir2. Compared to wild-type Sir2, the efficiency of coprecipitation mobility in SDS-polyacrylamide gels, even when high concentrations of NAD ϩ are included in the reaction. of DNA fragments with the Sir2-H364Y protein was reduced about 2.5-fold for rDNA fragments ( Figure 5D or threonine (Figure 6 ). We note that the active sites of the appropriate synthetic selective media were inoculated with A XbaI/XhoI fragment containing GAL1-GST-SIR2 was then ligated overnight cultures of desired yeast strains and grown to log phase into XbaI/XhoI-digested pRS315 to generate pGAL1-GST-SIR2.
(A660 of about 1) at 30ЊC. Three microliters of 10-fold serial dilutions The H364Y mutation was generated by overlap PCR as follows:
of each culture (in water) were spotted onto SD-LEU, SD-LEU-URA, SIR2 fragments were generated using the overlapping primers JT7
and SD-LEUϩ5-FOA plates. For galactose induction dextrose in the (5Ј GTGCTATGGCTCTTTTGCTAC 3Ј) and JT8 (5Ј GCCATAGCACTG medium was replaced with galactose. Plates were photographed CACCAGTTTATC 3Ј) and the outside primers JT9c (5Ј GGCGAATTC after 2-3 days of growth at 30ЊC. Mating assays were performed as GGAAGTGCAATATCTGTC 3Ј) and JT10 (5Ј CGCGAATTCATCAC previously described (Sprague, 1991). GATTAATCAGGACTTG 3Ј). Underlined letters indicate the position at which a point mutation was introduced. Separate PCR reactions were performed with primer pairs JT7/JT10 and JT8/JT9c (30 cycles Immunoprecipitation Reactions and Western Detection of 94ЊC for 30 s, 55ЊC for 30 s, and 72ЊC for 2 min). Portions of One liter cultures of yeast strains (Y1201, Y1203, and Y1205) were the resulting PCR products were then mixed and reamplified with grown to mid-log phase in SD-LEU medium (A660 of 1.5, approxiprimers JT9c and JT10. The final PCR product containing the appromately 3 g/l). Cells were harvested by centrifugation, washed with priate point mutation was digested with StuI and BglII and used to ice-cold water, and flash frozen in liquid nitrogen. Cell lysis, immunoreplace a StuI/BglII fragment in pGAL/GST-Sir2 to generate pGALprecipitation, and transfer to PVDF membranes were performed GST-H364Y. A BglII-StuI fragment encoding the C terminus of Sir2 essentially as described previously (Moazed et al., 1997). Memand containing the H364Y mutation was then subcloned into the branes were blocked with 5% nonfat dry milk in 20 mM Tris-HCl, BglII-StuI sites of pSIR2-LEU2, which contains the entire SIR2 genopH 7.5, 150 mM NaCl, 0.05% Tween-20 and probed with 1:5000 mic region in the pRS315 backbone, to generate pH364Y/LEU2. dilution of rabbit anti-Sir2 and anti-Sir4 affinity-purified antibodies All PCR-generated regions were entirely sequenced to ensure the (D. M., unpublished data), and 1:1000 dilution of a rabbit anti-Net1 absence of PCR-introduced errors. The entire SIR2 open reading antibody (J. H. and D. M., unpublished data). Secondary detection frame was PCR amplified as an EcoRI fragment and subcloned into was performed using horseradish peroxidase coupled donkey antipGEX-1B to generate a GST-Sir2 fusion protein (pDM111). pGEXrabbit antibodies (Amersham) and the Renaissance enhanced 1B is a derivative of pGEX-1 (Smith and Johnson, 1988) containing chemiluminescence detection system (NEN). an insertion within its BamHI site that encodes thrombin and heart/ ChIP experiments were carried out as previously described muscle kinase recognition sites (D. M., unpublished data). pDM360 (Strahl-Bolsinger et al., 1997) using a monoclonal anti-Sir2 antibody. was constructed by subcloning the EcoRI-XhoI SIR2/H364Y fragPrimers and other details were as described in Straight et al. (1999) . ment from pGAL1-GST-H364Y/LEU2 into pGEX-4T-1 (to make GSTFor detection of ADP-ribosylated forms of Sir2, approximately 1 Sir2-H364Y). GST fusion proteins constructed using pGEX-1B are g of GST-Sir2 fusion proteins purified from either yeast or E. coli 9 amino acids longer than GST fusion proteins constructed using were loaded onto 8.5% SDS polacrylamide gels, and after electropGEX-4T-1 (due to insertion of the heart muscle kinase site). In order phoresis, blotted onto PVDF membranes. Several identical lanes to generate GST-Sir2 fusion proteins that were identical except for were run on the same gel, the resulting blot was then cut into several a single amino acid substitution at position 364 of Sir2, the BglII-XhoI longitudinal pieces, which were then probed separately with affinityfragment at the C terminus of SIR2 in pDM360 (containing the H364Y purified rabbit anti-ADP-ribose (1:10,000 dilution, Meyer and Hilz, mutation) was replaced with the corresponding wild-type SIR2 BglII-1986), anti-GST (1:5,000), or anti-Sir2 (1:5,000) antibodies. After incuXhoI fragment to generate pDM111a. bation with secondary antibodies and detection by chemiluminescence (described above), blots were stained with Coomassie, and Purification of GST-Sir2 and GST-Sir2-H364Y the Coomassie-stained bands and Western signals were aligned GST-Sir2 and GST-Sir2-H364Y were purified from DH5a cells transusing stained molecular weight markers as standards. formed with pDM111a (or pDM111) and pDM360, respectively, as previously described (Moazed and Johnson, 1996) . Identical yields were obtained for GST-Sir2 and GST-Sir2-H364Y. GST-SIR2 and Acknowledgments GST-Sir2-H364Y proteins were also purified from sir2⌬ yeast strains expressing each protein under the control of the GAL1 promoter We thank Roy Frye, Marc Kirschner, and Tim Mitchison for valuable discussions, Roy Frye and Jef Boeke for communicating results (Y3 transformed with pGAL-GST-Sir2 and pGAL-GST-H364Y, respectively) as previously described (Moazed et al., 1997) 
